Introduction
============

Double-strand breaks (DSBs) are lesions that, if improperly repaired, can cause cell death or cancer after genomic rearrangement ([@bib57]). In mammalian cells, DSBs initiate a global cellular response including checkpoint signaling and repair ([@bib60]). Nonhomologous end joining (NHEJ), the major pathway in mammalian cells, operates throughout the cell cycle. NHEJ is intrinsically versatile, handling a wide variety of DNA end configurations, and ligates two DNA ends after limited end processing ([@bib78]; [@bib37]; [@bib59]; [@bib45]).

NHEJ proceeds via at least three steps: (1) break recognition/repair initiation, (2) processing of the damaged DNA ends by nucleases and polymerases, and (3) ligation to complete DSB repair ([@bib74]; [@bib45]). The initiating event is the binding of the Ku70/Ku80 heterodimer to DNA ends ([@bib24]). Most of the known NHEJ components interact with Ku ([@bib45]). Live-cell imaging experiments after laser microirradiation indicate that core NHEJ components are independently recruited to Ku-bound DSBs ([@bib79]), including the DNA-dependent protein kinase (DNA-PK) catalytic subunit (DNA-PKcs), Cernunnos (Cer)--XRCC4 (X4)-like factor (XLF), and the preassembled X4--DNA Ligase IV (LIG4) complex (X4LIG4; [@bib77]). The DNA-PK holoenzyme is formed when DNA-PKcs binds to Ku at DSB ends and provides DNA end recognition and protection activities followed by bridging of the ends, associated with serine/threonine protein kinase activity ([@bib52]). DNA-PK autophosphorylation mediates a conformational change required for activation of end-processing enzymes, such as the Artemis nuclease ([@bib48]; [@bib30]; [@bib22]). End ligation requires the concerted action of LIG4 and X4. In vitro, Cer-XLF stimulates ligation by the X4LIG4 complex ([@bib34]; [@bib46]; [@bib70]) and promotes readenylation of LIG4 ([@bib62]).

Although DNA-PKcs--Ku--DNA and X4LIG4 complexes have been clearly defined, the precise temporal and spatial arrangements of higher order complexes during NHEJ await to be established. Although NHEJ components can be independently recruited to damage sites, a large complex may be necessary to optimize the repair process ([@bib56]). X4 is recruited to laser-induced damage areas, but DNA-PKcs is physically required to stabilize it ([@bib79]). A role of DNA-PKcs in stable localization of X4 at the damage sites was also established for chemically induced DSBs ([@bib25]). Indeed, the resistance of NHEJ factors to biochemical extraction from damaged chromatin suggests that multiple protein--protein interactions can aid stable assembly of the NHEJ machinery ([@bib25], [@bib26]; [@bib76]). However, it is unknown whether a supramolecular complex forms in which the Ku--DNA-PKcs and ligase complexes coexist.

In principle, such an NHEJ supramolecular entity would allow the ligation complex to exert an early role well before the final ligation step. Using in vitro and cellular approaches, we unravel here a major contribution of the X4LIG4 complex to the stabilization of end synapsis and associated DNA-PKcs autophosphorylation during NHEJ. Interestingly, the ligase catalytic activity is not required for the synaptic function of the ligation complex. In addition, we show that Cer-XLF also contributes to this noncatalytic function of the ligation complex. Our data support a model in which a supramolecular complex, comprising both Ku--DNA-PKcs and ligase complexes, assembles early during NHEJ and then operates coordinately throughout the repair reaction. By regulating end processing via DNA-PKcs autophosphorylation, this novel noncatalytic activity of the ligase complex may contribute to the maintenance of genomic stability during DSB repair.

Results
=======

LIG4 protein stimulates DNA-PKcs autophosphorylation in vitro
-------------------------------------------------------------

The indispensable step in the NHEJ reaction is the initial assembly of DNA-PK on DNA ends. Addressing the hypothesis that the ligation complex participates in early steps during NHEJ, we reasoned that this would require interaction with DNA-PK. Therefore, we first tested the association of the ligation complex with the DNA-bound DNA-PK in an assay using X4 immunoprecipitation from NHEJ-competent cell extracts incubated with a double-stranded (ds) DNA oligonucleotide ([Fig. 1 A](#fig1){ref-type="fig"}). To evaluate the impact of LIG4, we used cell extracts of the N114P2 human pre-B cell line that has targeted disruption in both *LIG4* alleles ([@bib31]) and of its wild-type isogenic parental line, Nalm6, as a control. As expected from the high stability of the X4LIG4 complex ([@bib19]), LIG4 was present in X4 immunoprecipitates under all salt concentrations during washing ([Fig. 1 B](#fig1){ref-type="fig"}). Strikingly, DNA-PKcs and Ku from *LIG4*-null extracts were loosely attached to X4 immunoprecipitates when compared with control extracts, even with the lower salt concentrations during washing ([Fig. 1 B](#fig1){ref-type="fig"}). Interestingly, Cer-XLF was recovered on X4 immunoprecipitates from control but not *LIG4*-null extracts ([Fig. 1 B](#fig1){ref-type="fig"}). These results are in agreement with data published by our group and others, which have shown that LIG4 is necessary to stabilize the DNA-PK--dependent recruitment of X4 and Cer-XLF to damaged chromatin ([@bib25]; [@bib76]; [@bib39]). We conclude that LIG4 is necessary for the interaction of the ligation complex with DNA-PK bound to DNA.

![**LIG4 is required for DNA-dependent coimmunoprecipitation of X4, Cer-XLF, and DNA-PK.** (A) Nalm6 extracts were incubated for 15 min under in vitro NHEJ conditions and with components as indicated. ATP depletion refers to addition of the ATP-consuming system (glucose + hexokinase) as previously described ([@bib12]). Then, the samples were mixed with control IgG or anti-X4 magnetic beads. Immunoprecipitation proceeded for 4 h at 4°C on a wheel followed by three washes for 5 min in 0.5× PBS adjusted to a 100-mM final NaCl concentration, denaturation, and separation on 10% SDS-PAGE gel. The input lane corresponds to 50% of the volume of extracts used in the immunoprecipitation. (B) NHEJ-type extracts from Nalm6 control or N114P2 *LIG4*-null pre-B cells (LIG4 status + or −, respectively) were incubated with ds DNA and NU7026 as defined in A. Incubation was followed by immunoprecipitation with control IgG or anti-X4 antibodies and washes with increasing salt concentration (100, 150, or 200 mM NaCl). Reaction samples were heat denatured, separated on SDS-PAGE gels, and electrotransferred onto membrane that was blotted with antibodies as indicated. The input lanes correspond to 50% of the volume of extracts used in the immunoprecipitation.](JCB_201203128_Fig1){#fig1}

Because assembly of DNA-PK on DNA ends leads to DNA-PKcs activation, we next studied the influence of the ligation complex on DNA-PKcs autophosphorylation in vitro, with cell extracts or purified proteins. Thus, Nalm6 and N114P2 *LIG4*-null extracts were incubated with activator DNA and γ-\[^32^P\]ATP. After DNA-PKcs immunoprecipitation, samples were fractionated by electrophoresis, and ^32^P incorporation was assessed by a phosphorimager (see [Fig. S1 A](http://www.jcb.org/cgi/content/full/jcb.201203128/DC1){#supp1} for the validation of DNA-PKcs immunoprecipitation). Incubation of Nalm6 extracts promoted phosphorylation of DNA-PKcs and of a coimmunoprecipitated protein that was prevented by NU7026, a specific DNA-PK inhibitor ([Fig. 2 A](#fig2){ref-type="fig"}). Under these conditions, *LIG4*-null extracts showed a clear reduction in DNA-PKcs autophosphorylation (mean ratio of 12.1, *n* = 5), whereas DNA-PK--dependent phosphorylation of the coimmunoprecipitated protein was preserved. Then, we complemented the *LIG4*-null cell extracts with the purified wild-type X4LIG4 complex (see [Fig. 2 B](#fig2){ref-type="fig"} for purity control and Fig. S1 B for activity; no DNA-PKcs protein or activity was detected in the purified preparations; [Fig. 2 C](#fig2){ref-type="fig"}). DNA-PKcs radiolabeling was strongly stimulated upon addition of wild-type X4LIG4 complex and remained sensitive to NU7026, showing that it relied on DNA-PKcs autophosphorylation ([Fig. 2 C](#fig2){ref-type="fig"}).

![**LIG4 protein, but not activity, is required for DNA-PKcs autophosphorylation activated by ds DNA ends in cell extracts.** (A) Nalm6 control and N114P2 *LIG4*-null extracts were incubated under reaction conditions with γ-\[^32^P\]ATP and addition of components as specified. Incubation was followed by immunoprecipitation (IP) with control IgG2a or anti--DNA-PKcs antibodies. Reaction samples were heat denatured, separated on SDS-PAGE gels, and electrotransferred onto membrane that was blotted with antibodies as indicated. (B) Purified proteins Ku70/Ku80 heterodimer (1), X4 (2), Cer-XLF (3), and wild-type (4) or mutant (5) X4LIG4 complexes were loaded on a 10% SDS-PAGE gel and stained with InstantBlue (Euromedex). M, molecular mass markers. (C) Conditions were as in A with N114P2 *LIG4*-null extracts and addition of wild-type X4LIG4 complex as specified followed by DNA-PKcs immunoprecipitation. (D) Purified DNA-PKcs or control IgG on beads were incubated under reaction conditions with γ-\[^32^P\]ATP and components as indicated. Wt or Mut refer to wild-type or the catalytically inactive X4LIG4 complex. Low or high exposures of the same membrane are shown. Results of quantitative analysis of the gel are shown as the percentage of the highest phospholabeled DNA-PKcs band after subtraction of background value in the control IgG lane. Autoradio, autoradiography; IB, immunoblotting of the same membrane; exp, exposure. The asterisks indicate a protein coimmunoprecipitated with DNA-PKcs.](JCB_201203128_Fig2){#fig2}

To directly assess the effect of the ligation complex on DNA-PKcs autophosphorylation, we then performed similar experiments with a simplified protein mixture. DNA-PKcs preparation essentially devoid of the other NHEJ proteins was obtained by immunoprecipitation from Nalm6 cell extracts followed by extensive high-salt wash (Fig. S1, C and D). Importantly, the resulting DNA-PKcs activity was dependent on the addition of purified Ku and DNA and was sensitive to a specific DNA-PKcs inhibitor (Fig. S1 E). Then, purified Ku, X4, or X4LIG4 proteins were added to DNA-PKcs or control IgG beads (see [Fig. 2 B](#fig2){ref-type="fig"} for purity control). The Ku- and DNA-dependent autophosphorylation of DNA-PKcs did not vary upon X4 addition ([Fig. 2 D](#fig2){ref-type="fig"}, lanes 2 and 4), but the X4LIG4 complex clearly enhanced DNA-PKcs phospholabeling (mean ratio of DNA-PKcs phosphorylation with Ku--X4LIG4 combination over Ku alone = 2.4, *n* = 5; [Fig. 2 D](#fig2){ref-type="fig"}, lane 6). In addition, a similar effect was obtained upon addition of an inactive mutant X4LIG4 complex ([Fig. 2 D](#fig2){ref-type="fig"}, lane 7; and see Fig. S1 B for absence of ligase activity). Of note, X4 was phosphorylated mainly in a DNA-dependent mode by DNA-PKcs ([Fig. 2 D](#fig2){ref-type="fig"}, compare lanes 6 and 8). Together, these data establish that LIG4 associated with X4 is a strong stimulator of DNA-PKcs autophosphorylation in vitro and that the ligase catalytic activity is not required.

Cer-XLF participates in LIG4-dependent DNA-PKcs autophosphorylation in vitro
----------------------------------------------------------------------------

Because Cer-XLF is a component of the ligation complex, it may participate in the interaction with DNA-PK bound to DNA. Indeed, we made several observations that confirmed this hypothesis. First, the X4 immunoprecipitation assay was performed with extracts from Cer-XLF--deficient BuS cells and Cer-XLF--complemented BuC cells ([@bib9]; [@bib76]). Dissociation of DNA-PKcs and Ku from X4 immunoprecipitates promoted by increasing salt concentrations was enhanced in the absence of Cer-XLF ([Fig. 3 A](#fig3){ref-type="fig"}). Second, extracts from Cer-XLF--deficient cells showed a slight decrease in DNA-PKcs autophosphorylation in vitro that was complemented with Cer-XLF purified protein (Fig. S1 F). Of note, purified Cer-XLF did not complement the defect in DNA-PKcs autophosphorylation of *LIG4*-null extracts, indicating that LIG4 was required (Fig. S1 G). Finally, to definitively establish a role for Cer-XLF in DNA-PKcs autophosphorylation in vitro, we activated DNA-PKcs beads with DNA in the presence of purified Ku, X4LIG4, or Cer-XLF purified proteins. As shown in [Fig. 3 B](#fig3){ref-type="fig"}, optimal DNA-PKcs phospholabeling was obtained with the combination of all three purified components on DNA-PKcs beads when compared with any combination of two of these components (mean ratio of DNA-PKcs phosphorylation with Ku--X4LIG4--Cer-XLF over Ku--X4LIG4 combination = 1.9, *n* = 3; [Fig. 3 B](#fig3){ref-type="fig"}, lane 9). It is noteworthy that Cer-XLF was phosphorylated in the reaction. Altogether, these data indicate that Cer-XLF contributes to LIG4-dependent autophosphorylation of DNA-PKcs in vitro.

![**Effect of Cer-XLF on coimmunoprecipitation of DNA-PK with the ligation complex and on DNA-PKcs autophosphorylation.** (A) NHEJ-type extracts from BuC or BuS fibroblasts (Cer-XLF status + or −, respectively) were incubated with ds DNA and NU7026 as defined in [Fig. 1](#fig1){ref-type="fig"}. Incubation was followed by immunoprecipitation with control IgG or anti-X4 antibodies and washes with increasing salt concentration (100, 150, or 200 mM NaCl). Reaction samples were heat denatured, separated on SDS-PAGE gels, and electrotransferred onto membranes that were blotted with antibodies as indicated. (B) Purified DNA-PKcs or control IgG on beads were incubated under reaction conditions with γ-\[^32^P\]ATP and purified components as indicated. Low or high exposures of the same membrane are shown. Results of quantitative analysis of the gel are shown as the percentage of the highest phospholabeled DNA-PKcs band after subtraction of background value in the control IgG lane. Autoradio, autoradiography; IB, immunoblotting of the same membrane; exp, exposure.](JCB_201203128R_Fig3){#fig3}

LIG4 is a major factor in DNA-PKcs--mediated DNA end synapsis in vitro
----------------------------------------------------------------------

In the course of the aforementioned experiments, we noticed that *LIG4*-null cell extracts were not intrinsically defective in DNA-PKcs autophosphorylation. Indeed, increasing the length of the activating ds probe revealed a strong DNA-PKcs autophosphorylation in N114P2 extracts, detected by radiolabeling and comparable to that obtained in the control Nalm6 extracts ([Fig. 4 A](#fig4){ref-type="fig"}, compare lanes 3 and 7). In addition, this LIG4-independent DNA-PKcs autophosphorylation mediated by a 250-bp ds probe was strongly repressed by blocking one end with a biotin--streptavidin complex ([Fig. 4 A](#fig4){ref-type="fig"}, lane 9). Among other effects, DNA-PKcs autophosphorylation promotes its release from the DNA break ([@bib52]). Indeed, we observed that detachment of DNA-PKcs from the Ku--DNA complex relied on LIG4 with the short probe, whereas this requirement was looser with the long probe (unpublished data).

![**LIG4 protein, but not activity, stimulated DNA-PK--mediated DNA ends synapsis in vitro.** (A) NHEJ-type extracts from Nalm6 control or N114P2 *LIG4*-null cells (LIG4 status + or −, respectively) were incubated with short (32 bp) or long (250 bp) ds activator DNA under reaction conditions with γ-\[^32^P\]ATP and added components as specified. When necessary, the DNA probe was preincubated with streptavidin before addition to the reaction. Incubation was followed by immunoprecipitation with control IgG2a or anti--DNA-PKcs antibodies. Reaction samples were heat denatured, separated on SDS-PAGE gels, and electrotransferred onto membranes that were blotted with antibodies as indicated. Autoradio, autoradiography; IB, immunoblotting of the same membrane; IP, immunoprecipitation. (B) Conditions were as in A but without radiolabeling. The arrow indicates the position of the phosphorylated form of X4. (C and D) Quantification of the specific radioactivity pulled down after subtraction of the unspecific background obtained without the 502bio probe, under conditions of extracts and added components as specified. Each value is the mean of three experiments. Error bars correspond to SEM. WT, wild type.](JCB_201203128R_Fig4){#fig4}

Elegant approaches in cells and in vitro using combinations of kinase-defective and site-specific nonphosphorylatable mutants of DNA-PKcs have demonstrated that DNA-PKcs autophosphorylation at position S2056 can occur in trans after synapsis mediated by DNA-PK complexes bound to adjacent ends of the DSB ([@bib51]). Thus, the effect of the DNA probe length on DNA-PKcs autophosphorylation was checked by immunoblotting with a phosphospecific antibody that recognizes phosphorylated S2056 ([@bib51]). Phosphorylation of DNA-PKcs at S2056 was clearly detected on the whole-cell extracts ([Fig. 4 B](#fig4){ref-type="fig"}, left). A comparison of extracts from Nalm6 and *LIG4*-null cells revealed that LIG4-deficient extracts showed a strong reduction in DNA-PKcs phosphorylation on S2056 with the short DNA probe ([Fig. 4 B](#fig4){ref-type="fig"}, right, lanes 7 and 8), in agreement with the results from radiolabeling experiments. However, DNA-PKcs autophosphorylation in *LIG4*-null cells was restored to normal levels with the longer probe but repressed by blocking one end with a biotin--streptavidin complex ([Fig. 4 B](#fig4){ref-type="fig"}, right, compare lanes 9 and 10). During the reaction with control extracts, we also observed an X4 phosphorylation as detected by a mobility shift ([Fig. 4 B](#fig4){ref-type="fig"}, left), consistent with published findings ([@bib12]). Notably, *LIG4*-null cell extracts also showed a defect in X4 phosphorylation with the short DNA probe that was restored with the long DNA probe ([Fig. 4 B](#fig4){ref-type="fig"}, right).

It has been shown in vitro that DNA end bridging favors global DNA-PK autophosphorylation and that long probes allow intramolecular synapsis, whereas short ds probes only promote intermolecular synapsis ([@bib75]). Because we found that DNA-PKcs autophosphorylation is defective in *LIG4*-null extracts only when activated with a short DNA probe, this suggests that LIG4 is required for optimal intermolecular synapsis of two DNA ends by DNA-PKcs. The looser LIG4 requirement for DNA-PKcs autophosphorylation with a long activating probe most probably relies on the bending capacity of the probe ([@bib75]), likely allowing an intramolecular contact of DNA-PK molecules bound at each end, which otherwise can be prevented by streptavidin-mediated hindrance at the biotinylated end.

To directly focus on end synapsis during NHEJ, we then adapted a reported assay ([Fig. S2 A](http://www.jcb.org/cgi/content/full/jcb.201203128/DC1){#supp2}; [@bib21]). In brief, we synthesized a 502-bp ds DNA fragment that was either biotinylated at one end (502bio) or radiolabeled (502\*). NHEJ competent extracts from human cells were incubated with 502\* and 502bio bound to streptavidin-coated magnetic beads. The beads were then washed in mild salt buffer, and the radioactivity recovered with the beads was measured by scintillation counting. Control experiments without extracts or 502bio were run in parallel to determine unspecific background (Fig. S2 B). After background subtraction, we estimated that ∼15% of 502\* was specifically pulled down on the streptavidin beads ([Fig. 4 C](#fig4){ref-type="fig"}). Titration of an unlabeled DNA fragment inhibited pull-down of the labeled fragment at the expected molar concentration (unpublished data). Because the NHEJ reaction relies on DNA-PKcs activation, extracts were treated with an ATP-consuming system to preclude any ligation from taking place ([@bib12]). As anticipated, no radioactivity was pulled down in the presence of 500 mM salt and 1% Triton X-100 (Fig. S2 B). In contrast, the radioactivity pulled down was restored upon addition of ATP during the incubation despite the harsh washing conditions (Fig. S2 C), implying that the radiolabeled DNA specifically attached to the beads not only relies on a protein-mediated bridging of the two probes but also on formation of a DNA end synaptic complex prone to ligation.

Various approaches have suggested that DNA-PKcs is responsible for the formation of a synaptic bridge between the two ends of the broken DNA ([@bib21]; [@bib75]; [@bib68]). Thus, extracts were depleted of DNA-PKcs (Fig. S2 D) and assessed for synaptic activity. Synaptic activity was completely lost upon DNA-PKcs depletion and mostly restored upon addition of equivalent amount of the purified protein ([Fig. 4 C](#fig4){ref-type="fig"}). Under these conditions, the synapsis activity also relied on Ku (Fig. S2 E). Despite the reported synaptic activity of Ku alone in vitro ([@bib61]), this result consolidates the proposal that in a physiological context, DNA-PKcs is essential for synapsis ([@bib21]). Moreover, although an intrinsic, transient end bridging activity of the X4LIG4 complex must occur during ligation by this complex ([@bib42]; [@bib15]; [@bib33]), we have described here a much more stable end bridging (synapsis) by X4LIG4 in the presence of DNA-PKcs.

Finally, the synaptic activity was measured in parallel in extracts from *LIG4*-null N114P2 and parental Nalm6 cells ([Fig. 4 D](#fig4){ref-type="fig"}). Strikingly, the synaptic activity was strongly reduced in the absence of LIG4 but restored upon addition of purified X4LIG4 complex to N114P2 extracts, although the purified complex alone did not exhibit a significant synaptic activity ([Fig. 4 D](#fig4){ref-type="fig"}). Moreover, although the mutant X4LIG4 complex exhibited no detectable synaptic activity alone, it significantly complemented the synaptic defect of *LIG4*-null extracts ([Fig. 4 D](#fig4){ref-type="fig"}).

Defective DSB-induced DNA-PKcs autophosphorylation in cells in the absence of LIG4
----------------------------------------------------------------------------------

Among several phosphorylation sites on DNA-PKcs in cells, phosphorylation on S2056 is believed to be primarily a DSB-induced autophosphorylation event ([@bib14]; [@bib20]; [@bib23]). As a result, phosphorylation on S2056 after DSB production is abolished by a specific DNA-PKcs inhibitor but insensitive to an Ataxia telangiectasia mutated (ATM) kinase inhibitor ([Fig. S3 A](http://www.jcb.org/cgi/content/full/jcb.201203128/DC1){#supp3}). Looking for a potential requirement of the ligation complex in early NHEJ steps, we compared DNA-PKcs S2056 autophosphorylation after treatment with Calicheamicin γ1 (Cali) of N114P2 and Nalm6 cells. Cali yields a high ratio of DSBs to single-strand breaks in vivo compared with ionizing radiation (IR; [@bib27]). Both cell lines were treated with increasing doses of Cali for 1 h ([Fig. 5 A](#fig5){ref-type="fig"}). Strikingly, no phosphorylation of DNA-PKcs on S2056 was detectable in *LIG4*-null cells after Cali treatment, whereas sensitive and dose-dependent S2056 phosphorylation was detected in Nalm6 cells ([Fig. 5 A](#fig5){ref-type="fig"}). X4 and SAF-A are DNA-PKcs substrates in cells and can be used to monitor DNA-PKcs activity ([@bib25]; [@bib7]). In contrast to DNA-PKcs, X4 and SAF-A were phosphorylated at all Cali doses in *LIG4*-null cells. Although S2056 phosphorylation was detectable 6 h after Cali treatment in Nalm6 cells, it remained undetectable in *LIG4*-null cells, despite persistent X4 and SAF-A phosphorylation ([Fig. 5 B](#fig5){ref-type="fig"}). The S2056 phosphorylation defect in N114P2 cells compared with their wild-type isogenic counterpart was confirmed in a dose--response experiment using IR (Fig. S3 B) and was observed even after a high IR dose and long time postirradiation (Fig. S3 C).

![**Requirement of LIG4 for DSB-stimulated DNA-PKcs autophosphorylation in cells and contribution of Cer-XLF.** (A and B) Nalm6 control and N114P2 *LIG4*-null pre-B cells were treated for 1 h with increasing doses of Calicheamicin γ1 (Cali) as indicated (A) or with 160 pM Cali followed by incubation in fresh medium under normal growth conditions for the specified time (B). Whole-cell extracts were heat denatured, separated on SDS-PAGE gels, and electrotransferred onto membranes that were blotted with antibodies as indicated. Protein samples were separated on 8% acrylamide SDS-PAGE gels for standard separation or 15% for γ-H2AX isolation. (C) Western blotting on the whole-cell extracts of BuC control and BuS *Cer-XLF*^-^ mutant fibroblasts after treatment with increasing doses of Cali as indicated for 1 h. NT, not treated; PhS59, phosphorylation of SAF-A on S59.](JCB_201203128_Fig5){#fig5}

To extend this observation, exposure to Cali was performed on control AHH1 and LB2304 cells bearing truncating mutations in *LIG4* and in which LIG4 expression is undetectable (Fig. S3, D and E; [@bib58]). Similar to the data obtained with N114P2 cells, dose--response and time course experiments showed a strong reduction in S2056 DNA-PKcs phosphorylation in LB2304 LIG4-deficient cells, whereas phosphorylation of DNA-PKcs substrates was preserved (Fig. S3, D and E). Because DNA-PK--dependent phosphorylation of nuclear substrates did occur in LIG4-defective cells, the defect in these cells is not a general inhibition of DNA-PK activity but is confined to DNA-PKcs autophosphorylation.

Exploring a role for Cer-XLF, we compared S2056 phosphorylation after treatment with Cali of Cer-XLF--deficient BuS cells and Cer-XLF--complemented BuC cells. Although less pronounced than in LIG4-deficient cells, a partial defect in DNA-PKcs autophosphorylation was observed in BUS cells ([Fig. 5 C](#fig5){ref-type="fig"}), confirming together with in vitro data a contribution of Cer-XLF to this LIG4-dependent response to DSBs.

DNA-PKcs autophosphorylation in cells requires LIG4 protein but not ligase activity
-----------------------------------------------------------------------------------

Given that neither N114P2 nor LB2304 cells express LIG4 protein, it was not possible to distinguish whether DNA-PKcs autophosphorylation required LIG4 protein or LIG4-dependent ligation. Therefore, we used fibroblasts from a LIG4 syndrome patient who expresses an inactive form of LIG4 to examine DSB-induced phosphorylation of DNA-PKcs S2056. Patient 411BR has an R278H homozygous mutation and two closely linked N-terminal polymorphic changes resulting in two amino acid substitutions (A3V and T9I), a combination that reduces LIG4 adenylation and ligation activities to ∼1% of the wild-type activity without impacting LIG4 protein levels ([@bib58]; [@bib29]). Increasing doses of Cali enhanced phosphorylation of DNA-PKcs S2056 as well as X4 to similar extents in 411BR and 1BR cells ([Fig. S4 A](http://www.jcb.org/cgi/content/full/jcb.201203128/DC1){#supp4}). Moreover, treatment with increasing doses of IR induced similar S2056 phosphorylation in both cell lines (Fig. S4 B). Identical results were also obtained after treatment with Cali or IR of 495GOS, another LIG4 cell line in which an inactivate LIG4 protein is expressed at normal levels (Fig. S4, C and D; [@bib62]). Collectively, these findings demonstrate that a ligase catalytic defect in LIG4 has no impact on DNA-PKcs autophosphorylation.

To further address the impact of a LIG4 catalytic defect on DNA-PKcs autophosphorylation, we established derivative populations of the N114P2 cell line, which expressed either the wild-type (N114LIGwt) or a catalytically dead (N114LIGdead) LIG4 protein. Although LIG4 was expressed at reduced levels in N114LIGwt compared with the control Nalm6 cells, its resistance to IR was significantly increased compared with N114P2 cells (Fig. S4, E and F). In contrast, N114LIGdead cells that expressed the same level of LIG4 as N114LIGwt cells remained as sensitive to IR as N114P2 *LIG4*-null cells (Fig. S4, E and F). We, therefore, examined S2056 phosphorylation in response to Cali in N114LIGwt and N114LIGdead cells. Expression of wild-type or catalytically inactive LIG4 in the *Lig4*-null cells restored autophosphorylation of DNA-PKcs ([Fig. 6, A and B](#fig6){ref-type="fig"}). Similar results were obtained in dose--response experiments using IR (Fig. S4, G and H). Together, our data demonstrate a major LIG4-dependent role for the NHEJ ligation complex in autophosphorylation of DNA-PKcs after genotoxic DSBs and rule out a prominent impact of the ligase catalytic activity per se.

![**LIG4 activity is not required for DSB-stimulated DNA-PKcs autophosphorylation in cells.** (A and B) Western blotting on the whole-cell extracts of Nalm6 control cells, N114P2 *LIG4*-null cells, or N114P2 cells expressing wild-type (N114LIGwt) or a catalytic-dead (N114LIGdead) LIG4 protein after treatment for 1 h with increasing doses of Cali as indicated.](JCB_201203128_Fig6){#fig6}

Discussion
==========

LIG4 is required for DNA-PKcs autophosphorylation and is a key component in DNA-PK--mediated end synapsis
---------------------------------------------------------------------------------------------------------

Our results both in cells and with cell extracts show that X4LIG4 regulates DNA-PKcs autophosphorylation. Of note, [@bib47] have incidentally observed in reconstituted variable (diversity) joining (V(D)J) recombination reactions that X4LIG4 stimulates DNA-PKcs autophosphorylation mediated by ds DNA oligonucleotides ([@bib47]). In addition, K. Meek and coworkers have also found reduced DNA-PKcs autophosphorylation in X4 defective CHO cells (Meek, K., personal communication). The regulation of DNA-PK autophosphorylation by the ligation complex most likely operates via the stabilization of end synapsis. First, DNA-PKcs autophosphorylation at S2056 can occur in trans at the synapse ([@bib51]). Second, we found a close correlation in vitro between DNA-PKcs autophosphorylation and synapsis: in the absence of LIG4, DNA-PKcs autophosphorylation relying on intermolecular synapsis with short DNA probes was defective, whereas it was restored with long probes, allowing intramolecular synapsis. Third and conversely, X4LIG4 restored both DNA-PKcs autophosphorylation and end synapsis.

The role of LIG4 in synapsis as demonstrated here likely involves its interaction with X4. First, LIG4 is physiologically unstable without X4 ([@bib8]; [@bib28]), and X4 is at least in sixfold molar excess relative to LIG4 ([@bib49]), making a prominent function of the isolated LIG4 protein per se unlikely. Second, the close correlation that we found in vitro between DNA-PK--dependent phosphorylation of X4, S2056 phosphorylation, and LIG4-dependent synapsis strongly suggests that X4 is necessary for LIG4 loading to the DNA-PK--DNA complex.

X4 or Cer-XLF on their own cannot compensate the synapsis defect in the absence of LIG4. Indeed, we report here a defect in DNA-mediated coimmunoprecipitation of DNA-PK and components of the ligation complex in the absence of LIG4. In addition, purified X4 or Cer-XLF cannot stimulate DNA-PKcs autophosphorylation in the absence of LIG4. Moreover, we and others have shown that a defect in LIG4 expression compromises the stable recruitment of X4 and Cer-XLF to DSB in cells ([@bib25]; [@bib76]; [@bib39]). The interaction reported between Ku and LIG4 ([@bib18]) may be crucial to stabilize X4LIG4 on the assembled DNA-PK--DNA end complex and direct contact between X4 and DNA-PKcs ([@bib42]; [@bib38]; [@bib71]) or Ku ([@bib50]) may be insufficient. Consistent with this, Ku enhances X4LIG4 loading onto DNA ends in vitro ([@bib55]) and is required in vivo for recruitment of X4LIG4 to damage sites ([@bib50]). Additionally, the role of X4LIG4 in synapsis may rely on the stabilization of Ku and subsequently DNA-PKcs on the DNA ends. In agreement with this, the yeast Dnl4--Lif1 complex stabilizes Ku at DSBs in vivo ([@bib82]).

Cer-XLF contributes to the noncatalytic function of the ligation complex
------------------------------------------------------------------------

Through stabilizing the association between X4LIG4 and DNA-PK bound to DNA ends, Cer-XLF may be necessary to further consolidate end synapsis. Indeed, we found that Cer-XLF contributes to DNA-PKcs autophosphorylation in vitro and in cells, although its function is less prominent than LIG4. This may rely on the direct interaction between Ku and Cer-XLF ([@bib80]), as shown also for their counterparts in yeast ([@bib16]). Our data are in agreement with results in yeast showing that Nej1, the Cer-XLF orthologue, stabilizes the binding of Ku on DNA breaks ([@bib16]). In addition, these results may explain the reported contribution of Cer-XLF to processing of the break ends through regulation of the conformation change associated with DNA-PKcs autophosphorylation ([@bib1]). In V(D)J recombination, it is believed that coding joints show a more stringent requirement for synapsis than the signal joint to promote efficient end joining (see references in [@bib63]). Interestingly, it has been suggested that the redundancy of ATM and Cer-XLF in joining V(D)J DNA rely on an end-bridging activity ([@bib81]). Moreover, recent data showed that mutations disrupting the Cer-XLF--X4 interaction compromise V(D)J coding rather than signal end joining, in line with this end-bridging hypothesis ([@bib63]). Recently, an end-bridging activity of X4--Cer-XLF complexes has been demonstrated in vitro, which is lost upon LIG4 tandem BRCA1 C-terminal domains binding to X4 ([@bib3]). The LIG4 requirement for DNA-PKcs--mediated end synapsis as shown here does not exclude a potential role of X4--Cer-XLF--dependent DNA bridging at some step during the NHEJ process, for instance before DNA-PKcs recruitment to Ku-bound DNA ends, which may then phosphorylate X4 and modulate the X4--Cer-XLF bridging activity ([@bib63]). Also our data do not rule out the potential contribution to synapsis of proteins outside DNA-PK and the ligation complex.

A productive NHEJ supramolecular complex maintains genomic stability
--------------------------------------------------------------------

From the present data, we favor a model in which the optimal functional NHEJ complex comprises both the kinase and the ligase activities early in the process. This is in contrast to a sequential model of the NHEJ reaction because our results directly implicate the ligation complex responsible for a final NHEJ ligation step in the early end synapsis step. The presence of the ligation complex has also been shown to be required for the polymerase and nuclease activities in reconstituted cell-free NHEJ reactions ([@bib43]; [@bib10]). Together, these data illustrate that NHEJ components, although capable of acting independently, also evolved to function in a synergistic manner when in close proximity ([@bib45]).

The prosynapsis function of human LIG4 described here may be a conservation of the true synapsis activity of its bacterial ancestor ligD, which also relies on a direct interaction with Ku ([@bib6]). It may also correspond to a similar activity shown recently with the yeast Dnl4--Lif1 counterpart on Ku ([@bib32]). In addition, the Dnl4--Lif1 complex and Nej1, the yeast orthologue of Cer-XLF, stabilize Ku at DSBs in vivo ([@bib82]; [@bib16]). Thus, this noncatalytic activity of the ligation complex in the NHEJ reaction at early steps after end recognition may fulfill an important function, which is conserved through evolution.

What could be the cellular advantages of such a model for DSB repair by NHEJ? The direct implication of the ligation complex in synaptic stability may help prevent DNA end mobility. X4LIG4, in addition to Ku, suppresses chromosome translocations mediated by alternative NHEJ ([@bib35]; [@bib65]), which may be linked to the contribution of the ligation complex to end synapsis. It would be interesting to assess whether the mobility of DNA ends in the absence of LIG4 is increased as reported in the absence of Ku ([@bib67]).

DNA-PK and Cer-XLF--X4LIG4 bound to DNA ends may also synergistically protect them against undesirable nucleolytic activity, in complement to proteins such as 53BP1, phosphorylated H2AX, or MDC1, which most probably operate at an upstream step of the repair process. In class switch recombination for example, the absence of 53BP1 increases end resection and channels repair to microhomology-mediated alternative end joining ([@bib5]). Furthermore, 53BP1 deletion in BRCA1-deficient cells promotes resection and error-free repair by homologous recombination, whereas LIG4 deletion does not ([@bib11]). Synapsis and possibly end-protecting activity of the NHEJ ligation complex might operate downstream. Indeed, X4LIG4 in addition to Ku is known to suppress DSB repair processes, including homologous recombination and single-strand annealing ([@bib69]; [@bib82]). Ku and X4LIG4 may protect DNA ends from degradation by directly preventing the proteins responsible for extensive end resection from loading onto the ends ([@bib44]; [@bib66]; [@bib41]; [@bib72]; [@bib82]; [@bib17]; [@bib64]).

Additionally, the dependence of DNA-PKcs--mediated synapsis on the ligation complex as demonstrated here emphasizes a coupling between end processing via DNA-PKcs autophosphorylation and end joining, likely contributing to genomic integrity. The presence of the ligation complex at DNA ends before processing may ensure that end modification would be limited to the minimum required for ligation. DNA end access to processing enzymes likely relies on a change in complex conformation under regulation by DNA-PKcs autophosphorylation ([@bib36]; [@bib53]). The dependence of this autophosphorylation on X4LIG4 may also prevent extensive end processing until the ligation complex is correctly positioned.

Phosphorylation of positions in the PQR site, including S2056, favors inhibition of end processing and homologous recombination ([@bib20]; [@bib51]; [@bib54]). Thus, linking PQR phosphorylation to the positioning of the end-joining complex as shown here allows end processing and homologous recombination to be restrained at those DSBs that can be repaired by NHEJ.

In conclusion, the X4LIG4--Cer-XLF complex, in addition to ligating DNA ends, contributes to the stabilization of DNA-PK--dependent end synapsis during NHEJ, although the ligase catalytic activity is dispensable for the latter activity. Rather than a sequential assembly of NHEJ components, our data suggest establishment of a supramolecular complex at DSBs in which DNA-PK and ligation complexes coexist. By controlling end processing via DNA-PKcs autophosphorylation, this activity of the ligation complex may contribute to maintenance of genomic stability during DSB repair by NHEJ.

Materials and methods
=====================

Cell culture
------------

Cells were grown at 37°C in a humidified atmosphere with 5% CO~2~ in culture media (Gibco-Invitrogen) supplemented with 10% fetal calf serum, 2 mM glutamine, 125 U/ml penicillin, and 125 µg/ml streptomycin. The human pre-B cell line Nalm6 and its *LIG4*-defective derivative N114P2 obtained by targeted disruption of both *LIG4* alleles at nucleotide position 1,678, as described previously ([@bib31]), were maintained in RPMI 1640 medium. Human telomerase reverse transcriptase immortalized human fibroblasts 1BR (control), 411BR, and 495GOS (both LIG4 deficient and isolated from LIG4 patients as previously described; [@bib58]; [@bib62]) were grown in Dulbecco's modified Eagle's medium. AHH1 human lymphoblastoid cells (from a normal individual; gift from G. Lenoir, International Agency for Research on Cancer, Lyon, France) and the human lymphoblastoid cells LB2304 (LIG4 deficient and isolated from a LIG4 patient, compound heterozygote for two truncating mutations, C1738T \[R580X\] and C2440T \[R814X\], as previously described; [@bib58]) were grown in RPMI 1640 with 15% fetal calf serum and 1 mM sodium pyruvate (gift from P. Concannon, University of Virginia, Charlottesville, VA). BuS cells, SV40T-transformed, telomerase-immortalized fibroblasts derived from the Cer-deficient P2 patient (homozygous C622T nonsense mutant \[R178X\]) and BuC fibroblasts obtained after transduction of BuS with pMND-Cer-myc-IRES-GFP retroviral vector expressing a C-terminal myc-his--tagged Cer protein (gift from J.P. de Villartay and P. Revy, Université Paris Descartes, Paris, France; [@bib9]) were grown in RPMI 1640 medium.

Chemicals
---------

Cali, a generous gift from P.R. Hamann (Wyeth Research, Pearl River, NY), was dissolved at 4 mM in ethanol and stored at −70°C. Staurosporine (Sigma-Aldrich), KU55933, and NU7026 (EMD Millipore) were dissolved in DMSO (10 mM stock solution) and stored at −20°C. Small aliquots of stock solutions chemicals were used once.

Oligonucleotides construct and labeling
---------------------------------------

Synapse (SYN) oligonucleotide was made by annealing oligonucleotide 5′-GATCCAAAACATGGACTCATATGGCCTATGCATTGAGC-3′ with the oligonucleotide 5′-GGCCGCTCAATGCATAGGCCATATAGTCCATGTTTTG-3′. Control nonbiotinylated and biotinylated 502-bp fragments were amplified by PCR with DNA polymerase (Phusion Hot Start; Finnzymes) from pBluescript II KS (−) with nonbiotinylated or biotinylated reverse primer (5′-GCGTTATCCCCTGATTCTGTGG-3′), respectively, and forward primer (5′-GGGCGAATTGGAGCTCCACC-3′). The 502\* fragment was radiolabeled with T4 polynucleotide kinase in the presence of 4,500 Ci/mmol γ-\[^32^P\]ATP (ICN Pharmaceuticals), and unincorporated γ-\[^32^P\]ATP was removed twice by gel filtration (Sepharose G-50; GE Healthcare). The biotinylated 250-bp fragment was amplified by PCR from pBluescript II KS (−) with biotinylated reverse primer as in this paragraph and forward primer (5′-GGGGTGCCTAATGAGTGAGCTAAC-3′).

Antibodies
----------

Polyclonal rabbit antibody anti-pS2056 obtained against phosphopeptide QSYSYSS(Ph)QDRKPTC as previously described ([@bib14]) was a gift from D.J. Chen (University of Texas, Dallas, TX). Mouse monoclonal antibody against SAF-A PhS59 as previously published ([@bib7]) was manufactured by Biotem by using phosphopeptide EPGNGS(Ph)LDLGGDC as an antigen. Rabbit polyclonal anti-X4 was produced in our laboratory against the full-length recombinant human protein. Polyclonal rabbit antibody anti-XLF was obtained from Bethyl Laboratories, Inc. Mouse monoclonal antibodies were anti-Ku70 (N3H10; Thermo Fisher Scientific) and anti-Ku80 (clone 111; Thermo Fisher Scientific), anti--β-Actin (AC-15; Ambion), anti--PARP-1 (4C10-5; BD), anti--γ-H2AX (JBW301; EMD Millipore), anti-ATM (2C1; Genetex), anti--ATM PhS1981 (EMD Millipore), anti--SAF-A (3G6, Santa Cruz Biotechnology, Inc.), and anti--DNA-PKcs (18.2, 25.4, and 42.27; Abcam). Polyclonal rabbit antibodies were anti-LIG4 (Abcam) and anti--Chk2 PhThr68 (Cell Signaling Technology). Peroxidase-conjugated goat anti---mouse or anti--rabbit secondary antibodies were obtained from Jackson ImmunoResearch Laboratories, Inc.

Western blotting
----------------

Concentrated loading buffer was mixed with protein samples to final concentration (50 mM Tris-HCl, pH 6.8, 10% glycerol, 1% SDS, 300 mM 2-mercaptoethanol, and 0.01% bromophenol blue). Protein samples were boiled, separated by SDS-PAGE (generally, 100 µg protein per sample), and blotted onto polyvinylidene difluoride membranes (Immobilon-P; EMD Millipore). After 1-h blocking with 5% dry milk in PBS-T (phosphate buffer saline and 0.1% Tween 20), membranes were incubated for 1 h with primary antibody diluted in PBS-T and 1% bovine serum albumin (fraction V; Sigma-Aldrich), washed three times with PBS-T, and then incubated for 1 h with secondary antibodies in PBS-T. Membranes were washed five times with PBS-T, and immunoblots were visualized by enhanced chemiluminescence (ImmunofaxA; Yelen). When necessary, successive rounds of immunoblotting were performed on the same membranes after stripping (Restore Western Blot Stripping Buffer; Thermo Fisher Scientific). In some experiments, two gels were run in parallel for blotting against a phophosite in a given protein and against this protein (shown as separate groups of clustered rows in the corresponding figures). In some other experiments and providing a short incubation with the first anti-pS2056 antibody, an additional blotting on the same membrane was possible with the antibody against DNA-PKcs. To visualize X4 in immunoprecipitation experiments and to avoid cross-reaction with IgG migrating at the same position, rabbit IgG secondary antibody (TrueBlot; eBioscience) was used according to the instructions of the manufacturer.

Purified proteins
-----------------

DNA-PKcs was a kind gift of D.J. Chen and was purified from HeLa cells as previously described ([@bib13]). Polyhistidine-tagged wild-type LIG4 or K273A catalytic mutant were coexpressed with untagged wild-type X4 (using coexpression pET28a derivative plasmids pMJ4052 and pMJ4054, respectively) in Rosetta/pLysS cells (EMD Millipore) by growth in selective Luria broth medium at 37°C to OD~600nm~ = 0.5 and induction by addition of 1 mM ITPG and further incubation at 15°C for 16 h. Cells were harvested, lysed in Ni-A buffer (20 mM Tris, pH 8.0, 0.5 M NaCl, 10% glycerol, 10 mM imidazole, and 2 mM β-mercapthoethanol), clarified by high speed centrifugation, and loaded on a column (HisTrap HP; GE Healthcare). The column was washed extensively with Ni-A buffer, and the proteins were eluted with Ni-B buffer (Ni-A + 300 mM imidazole). The preparation was dialyzed against buffer S-A (20 mM Hepes, pH 8.0, 0.05 M KCl, 10% glycerol, 1 mM EDTA, and 2 mM DTT), loaded on a HiTrap SP FF (excess untagged X4 did not bind to the column), and eluted using a linear KCl gradient from 0.05 to 0.35. The X4LIG4 complex preparation was diluted to 0.150 KCl, loaded on a HiTrap Q FF, and eluted using a linear KCl gradient from 0.05 to 0.5 M KCl. The peak fractions containing the complex were dialyzed against 20 mM Hepes, pH 8.0, 0.15 M KCl, 10% glycerol, 1 mM EDTA, and 2 mM DTT, aliquoted, and stored at −80°C. X4 and Cer-XLF were expressed in bacteria and purified by Ni--nitrilotriacetic acid affinity and Sepharose Q chromatography as previously described ([@bib40]; [@bib2]).

For purification of DNA-PKcs on beads, DNA-PKcs was immunoprecipitated from Nalm6 extracts as described in the section Immunodepletion and immunoprecipitation, except that antiphosphatases were omitted. After washing in PBS-T, beads were washed twice for 10 min at 4°C on a wheel in 50 mM Hepes, pH 7.5, 0.05% Tween 20, and 450 mM KCl. After a final wash in PBS-T, beads were diluted in EJ buffer (50 mM triethanolamine, pH 8.0, 0.5 mM magnesium acetate, 1 mM DTT, 0.1 mg/ml BSA, and 60 mM potassium acetate) supplemented with 25% glycerol and stored at −80°C until use.

End-joining extracts and end-joining assay
------------------------------------------

NHEJ-competent cell extracts were prepared from exponentially growing cells by three freeze/thaw cycles in lysis buffer (25 mM Tris-HCl, pH 7.5, 333 mM KCl, 1.5 mM EDTA, pH 8.0, and 4 mM DTT) containing protease--phosphatase Halt Inhibitor Cocktail (Thermo Fisher Scientific). After 20-min incubation at 4°C, lysates were centrifuged, and the supernatant was dialyzed against a buffer containing 20 mM Tris-HCl, pH 8.0, 100 mM potassium acetate, 20% glycerol, 0.5 mM EDTA, pH 8.0, and 1 mM DTT. Protein concentration was measured using the Bradford assay (Bio-Rad Laboratories), and end-joining extracts were stored at −80°C. The end-joining assay was performed according to our published protocol ([@bib4]) as follows: When necessary, extracts were preincubated with NU7026 (Sigma-Aldrich) as indicated for 10 min at 4°C. Pretreated or mock-treated extracts (40 µg) were incubated for 2 h at 25°C in 10 µl of reaction mixture containing 5 ng EcorRI-linearized pBluescript II KS (−) plasmid in EJ buffer with 1 mM ATP added at last to initiate the reaction. Samples were then treated with 100 µg/ml RNase A for 10 min at 37°C and deproteinized. DNA ligation products were separated in 0.7% agarose gels together with DNA ladder mix (0.5--10 kb; GeneRuler; Thermo Fisher Scientific) in one lane and stained with SYBR green (Invitrogen). Fluorescence was detected and analyzed on a fluorimager (Typhoon; Molecular Dynamics). Quantitative analysis of the gel was performed with the ImageJ software (version 1.4; National Institutes of Health).

Immunodepletion and immunoprecipitation
---------------------------------------

According to our published protocol ([@bib4]), DNA-PKcs immunodepletion was carried out in a 65-µl reaction volume containing 20 µl protein A/G-PLUS agarose wet beads (Santa Cruz Biotechnology, Inc.), 1 mg NHEJ-type extracts in EJ buffer, 10 µg anti--DNA-PKcs antibody (clone 25.4), or control IgG2a. After an overnight incubation at 4°C under constant rotation, the supernatant was recovered by spinning, mixed with 20 µl of new protein A/G-PLUS agarose wet beads, incubated for 1 h at 4°C, and spun down again to remove the beads. Sample aliquots were processed for Western blotting, and the remaining extracts were frozen at −80°C until use.

DNA-PKcs immunoprecipitation was performed for 4 h at 4°C in 60 µl PBS-T and protease--phosphatase Halt Inhibitor Cocktail with 60 µg NHEJ-type Nalm6 extracts on 10-µl wet bead volume (M280 anti--mouse Dynabeads; Invitrogen; prepared with anti--DNA-PKcs antibody \[clone 25.4\] or control IgG2a according to instructions of the manufacturer). Beads were washed twice in excess volume of the same buffer before heat denaturation in loading sample buffer. X4 immunoprecipitation was performed for 4 h at 4°C in 60 µl PBS-T on 10-µl wet bead volume (M280 anti--rabbit Dynabeads; Invitrogen; prepared with anti-X4 or control preimmune serum according to instructions of the manufacturer).

End synapsis assay
------------------

0.5 pmol 502bio ds DNA fragment was immobilized on 10 µl streptavidin paramagnetic beads (Dynabeads M280 streptavidin; Invitrogen) as recommended by the manufacturer. NHEJ-competent cell extracts were first incubated for 10 min at 30°C with 2 mM glucose and 0.2 U hexokinase (EMD Millipore) and purified protein or dilution buffer as indicated. 10 µl of mocked or DNA-treated beads was washed in 0.5× PBS and then incubated under gentle agitation in a final 10-µl reaction volume at 16°C for 30 min in EJ buffer with 0.1 pmol radioactive 502\* DNA fragment and 40 µg extracts preincubated as above. Supernatant was removed, and wet beads were washed in excess volume of 0.5× PBS. The wash was then pooled with the supernatant, and the beads were assayed using a scintillation counter. Results are expressed as the percentage of radioactivity pulled down after subtraction of the counts in the sample without 502bio on the beads.

In vitro DNA-PKcs activation in cell extracts or with purified components
-------------------------------------------------------------------------

When necessary, the extracts were preincubated with 40 µM NU7026 and/or purified 1 pmol X4LIG4 complex as indicated for 15 min at 4°C. 60 µg NHEJ-type cell extracts were incubated at 30°C for 15 min in a final 10-µl reaction volume in EJ buffer supplemented or not supplemented with 2 mM ATP (or 0.2 mM ATP and 0.5 µM γ-\[^32^P\]ATP where indicated) and typically in the presence of 0.5 pmol SYN ds oligonucleotide. When indicated, biotinylated DNA was mixed with 2 pmol streptavidin (Sigma-Aldrich) and incubated for 10 min at RT before addition to the reaction mixture. Then, samples from unlabeled reactions were mixed with concentrated loading sample buffer to final concentration, boiled, and separated on 6% SDS-PAGE or 4--15% precast gels (Bio-Rad Laboratories) followed by Western blotting. Radiolabeled reactions were mixed with control or anti--DNA-PKcs magnetic beads. After 3-h immunoprecipitation at 4°C, beads were extensively washed and then processed as in this paragraph for the unlabeled samples. For DNA-PKcs activation with purified components, DNA-PKcs on beads or IgG2a control beads, prepared as detailed in the Purified proteins section, were mixed with purified proteins (1 pmol each of Ku70/80, X4, X4LIG4, or Cer-XLF or equivalent volume of dilution buffer, as indicated) for 15 min at 4°C, and then, reactions proceeded with radiolabeling as described in the previous paragraph.

DNA-damaging treatments and protein extraction
----------------------------------------------

For drug exposure, exponentially growing cells were either mock treated or treated with freshly diluted Cali at the specified concentrations in medium at 37°C in culture dishes (attached cells) or in open tubes (8 × 10^6^ cells per sample) and then harvested at the indicated time points. For cell treatment with IR, irradiation was performed in an irradiator (RX-650; Faxitron X-Ray Corporation) at a dose rate of 0.92 Gy/min. Where indicated, the cells were pretreated with KU55933 or NU7026 for 60 min, and the inhibitors were maintained during the genotoxic treatment. Cells were rinsed with PBS, lysed in for 20 min at 4°C in buffer (50 mM Hepes-KOH, pH 7.5, 450 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM DTT, and protease--phosphatase inhibitors cocktail \[Thermo Fisher Scientific\]), and then sonicated. Protein concentration was measured by the Bradford assay. NHEJ-competent cell extracts were prepared as previously described ([@bib4]).

LIG4-expressing vectors and N114P2 cell complementation
-------------------------------------------------------

Human LIG4 cDNA was a gift from T. Lindahl (Cancer Research UK London Research Institute, London, England, UK; [@bib73]). Human LIG4 cDNA was subcloned by PCR from a pBluescript-SK vector into a modified pBluescript-KS vector allowing in-frame fusion of a FLAG tag encoding the sequence upstream of LIG4 cDNA. LIG4-K273R ligase-dead mutant was obtained by PCR-mediated site-directed mutagenesis using the following primers: 5′-GTTTCTACATAGAAACCcgtCTAGATGGTGAACGTATG-3′ (sense) and 5′-CATACGTTCACCATCTAGacgGGTTTCTATGTAGAAAC-3′ (lowercase letters correspond to the newly introduced mutated codon). The resulting FLAG-LIG4-WT-- and FLAG-LIG4-K273R--encoding cDNAs were then subcloned into the pBabe-Hygro retroviral vector (Addgene plasmid 1765; Bob Weinberg, Whitehead Institute/Massachusetts Institute of Technology, Cambridge, MA) between BamHI and EcoRI restriction sites. All vectors were verified by sequencing (MilleGen).

LIG4-expressing retroviruses were produced by transient cotransfection of GP2-293 packaging cells with pBabe-Hygro-LIG4 and pVSV-G (Takara Bio Inc.) plasmids using Lipofectamine reagent (Invitrogen) according to the manufacturers' recommendations. Cell culture supernatants from days 2 and 3 after transfection were used to infect *LIG4*-null N114P2 target cells. Transduced N114P2 cells were selected under 450 µg/ml hygromycin B.

Survival assays
---------------

2.5 × 10^5^ cells per point in 1 ml were irradiated at the indicated doses in 12-well plates in an irradiator (RX-650) at a dose rate of 0.92 Gy/min. After 3 d of growth, aliquots of each sample were counted in a cell coulter (Coulter Z2; Beckman Coulter) calibrated at the mean size of the nontreated sample. Cell survival was calculated at each dose as the ratio of the cell number in the treated sample relative to the cell number in the nontreated sample.

Online supplemental material
----------------------------

Fig. S1 describes the set up and test of DNA-PKcs autophosphorylation in vitro with cell extracts or purified proteins. Fig. S2 shows the analysis of DNA end synapsis in vitro. Fig. S3 describes validation of the anti-PhS2056 antibody and its use in cells extracts. Fig. S4 shows the analysis of DSB-stimulated DNA-PKcs autophosphorylation in ligase-dead cells and the characterization of DNA-PKcs autophosphorylation in N114P2 cells expressing wild-type (N114LIGwt) or catalytic-dead (N114LIGdead) LIG4 protein. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201203128/DC1>.
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